Measures:
We compared summary statistics, individual hospitalization-level agreement, facility-level consistency, and patterns of variation between electronic and manual MUE for initial severity, antibiotic choice, daily clinical stability, and antibiotic duration.
Results: Among 2004 hospitalizations, electronic and manual abstraction methods showed high individual hospitalization-level agreement for initial severity measures (agreement = 86%-98%, κ = 0.5-0.82), antibiotic choice (agreement = 89%-100%, κ = 0.70-0.94), and facility-level consistency for empiric antibiotic choice (anti-MRSA r = 0.97, P < 0.001; antipseudomonal r = 0.95, P < 0.001) and therapy duration (r = 0.77, P < 0.001) but lower facility-level consistency for days to clinical stability (r = 0.52, P = 0.006) or excessive duration of therapy (r = 0.55, P = 0.005). Both methods identified widespread facility-level variation in antibiotic choice, but we found additional variation in manual estimation of excessive antibiotic duration and initial illness severity.
Conclusions: Electronic and manual MUE agreed well for illness severity, antibiotic choice, and duration of therapy in pneumonia at both the individual and facility levels. Manual MUE showed additional reviewer-level variation in estimation of initial illness severity and excessive antibiotic use. Electronic MUE allows for reliable, scalable tracking of national patterns of antimicrobial use, enabling the examination of system-wide interventions to improve quality.
Key Words: pneumonia, quality measurement, electronic health records, antibiotic stewardship, antimicrobial stewardship taskforce (Med Care 2018;56: 626-633) P neumonia is the leading infectious cause of hospitalization and death in the United States. 1 Overtreatment with excessive spectrum and duration of antibiotics are common. Thus, pneumonia is a chief target of both quality improvement efforts and antibiotic stewardship programs.
A core element of antibiotic stewardship is the tracking and reporting of antibiotic use, often with manual case review. 2 In 2011 the Veterans Health Administration created the Antimicrobial Stewardship Taskforce to optimize care by developing, deploying, and monitoring a national-level strategic plan to improve antibiotic use. In January 2014, the Veterans Affairs (VA) issued a directive requiring all facilities to create local Antimicrobial Stewardship Programs. 3 In collaboration with the Pharmacy Benefits Management Services Center for Medication Safety, the Antimicrobial Stewardship Taskforce has conducted several multicenter medication use evaluations (MUE) to evaluate antimicrobial prescribing for common infectious syndromes, including pneumonia, 4 urinary tract infections, asymptomatic bacteriuria, 5 and acute respiratory infections. Clinicians (primarily pharmacists) manually reviewed electronic health records (EHR) using a standardized chart abstraction system to examine antibiotic choice and duration. MUEs provide information regarding patterns of antibiotic use that is crucial to quality improvement. However, manual reviews are labor-intensive and thus neither scalable nor reproducible on a regular basis for most health care systems. The manual medication use evaluation (mMUE) of pneumonia conducted by the VA required over 1000 hours of manual chart review and 111 clinicians from 30 facilities.
Recent advances in the EHR provide opportunity for automated monitoring of antimicrobial prescribing at the national level, 3 offering potential savings in human time and rapid feedback to antibiotic stewards and policy-makers. The quality of system-wide electronic data is crucial to reliable reporting. We developed and evaluated an electronic data extraction tool, the "eMUE," that extracts the same information found in the mMUE and can be applied to the national VA population for ongoing monitoring of pneumonia severity and antibiotic use metrics. Our aim was to compare electronic medication use evaluation (eMUE) to mMUE abstraction for consistency in extraction of antibiotic use and severity metrics at the aggregate, facility, and individual hospitalization levels.
METHODS

Setting and Subjects
The study was performed with approval from the University of Utah Institutional Review Board (IRB#00068717) and Salt Lake City VA Human Research Protection Program. We included data from all patients in an existing dataset of the multicenter mMUE mentioned above, which has been previously described in the literature. 4 In brief, the mMUE included records from patients at 30 VA medical centers who were hospitalized to medical wards or intensive care units (ICUs) during 2013 with a primary International Classification of Diseases, Ninth Revision, Clinical Modification (ICD-9-CM) principal diagnosis for pneumonia, or a secondary diagnosis of pneumonia with a principal diagnosis of sepsis. In total, 111 clinicians reviewed random samples of 200 hospitalizations at each of the 30 facilities. Hospitalizations were included if patients had a length of stay ≥ 48 hours, > 24 hours of inpatient antibiotic therapy, survived to hospital discharge, and reviewers confirmed a diagnosis of pneumonia in the discharge summary. Hospitalizations were excluded if manual review identified direct transfer from another facility, a previous hospitalization within the past 28 days, diagnosis of complicated pneumonia (eg, lung abscess, necrotizing pneumonia, effusion requiring thoracentesis, or thoracostomy), immunosuppression, extrapulmonary infection (eg, endocarditis or meningitis), gramnegative enteric bacteremia, hospitalization > 14 days, or evidence that a ≥ 5-day course of antibiotic therapy was not given. The previous mMUE study also excluded cases of patients who were not found to achieve clinical stability during hospitalization. However, as these patients had complete data, they were included in the present study for comparative purposes.
To test the feasibility of a national eMUE, we also applied the eMUE to 128,757 hospitalizations occurring at 120 VA medical centers during the years 2008-2013 with diagnosis codes for pneumonia listed above. As our purpose of the national eMUE was to include all pneumonia cases and not only uncomplicated pneumonia cases, we did not apply any other inclusion criteria.
Measurements
Manual reviewers extracted information using the VA computerized patient record system interface according to a standardized manual chart abstraction procedure previously described. 4 The eMUE targeted the same elements as the manual extraction, with identical time windows and definitions as the mMUE, using data extracted from VA's Clinical Data Warehouse, accessed through the Veterans Informatics and Computing Infrastructure (VINCI) (www. hsrd.research.va.gov/for_researchers/vinci/). To characterize patient outcomes, we extracted 30-day mortality and readmission within 28 days using electronic abstraction.
Both manual and electronic approaches extracted patient factors comprising health care-associated pneumonia criteria according to Infectious Disease Society of America/ American Thoracic Society guidelines 6, 7 and the following physiological variables contributing to the pneumonia severity index 8 : minimum systolic blood pressure, maximum heart rate, minimum and maximum temperature, maximum respiratory rate, minimum pH, maximum blood urea nitrogen, minimum sodium, maximum glucose, and minimum hematocrit between 12 hours before and 6 hours after hospital admission. Subsequent vital signs contributing to clinical stability criteria defined by Infectious Disease Society of America/American Thoracic Society guidelines 6 were extracted for each calendar day the patient was hospitalized. The severity information extracted by the eMUE differed from the mMUE in 3 important ways. First, because mental status is not routinely captured in structured data, the eMUE lacked assessments of mental status. Second, use of supplemental oxygen was not included in the mMUE but was extracted by the eMUE. Third, mMUE classified whether the patient's values met criteria for instability but did not record numeric values; eMUE extracted numeric values, then applied rules according to the criteria.
Antibiotic use was extracted by both methods following identical guidelines. Manual reviewers identified administration of each antibiotic class for each calendar day of hospitalization, and the name and duration of all outpatient prescriptions of antibiotics prescribed at hospital discharge from medication records and discharge summaries. eMUE extracted antibiotics administered for each hospital day using bar code medication administration, which records all medications administered to hospitalized patients. 9 Antibiotic prescribing after hospitalization was extracted from outpatient prescription data upon discharge. Similar to the mMUE, the eMUE determined total duration of antibiotic therapy by adding the number of inpatient treatment days plus days of therapy prescribed at discharge.
Manual reviewers identified antibiotic names; they did not classify antibiotic coverage, guideline concordance, or appropriateness of antibiotic selection or duration. Rules to define antibiotic class, coverage, and excessive duration were applied after extraction. We defined initial antibiotic choice as the systemic administration of that antibiotic during the first 2 calendar days of each hospitalization. To report antibiotics of interest to stewards, we further classified antibiotic coverage against 2 pathogen types: methicillin-resistant Staphylococcus auereus (MRSA: vancomycin or linezolid), and single coverage for Pseudomonas aeruginosa (PAER: piperacillin-tazobactam, ceftazidime, cefepime, meropenem, doripenem, imipenem, aztreonam). We defined excessive duration of antibiotic therapy as greater than the guideline-recommended duration of 5 days, plus 3 days after the first single day that the patient met all criteria for clinical stability 6 : maximum temperature ≤ 100°F, maximum respiratory rate ≤ 24 breaths per minute, minimum systolic blood pressure ≥ 90 mm Hg, minimum pulse oximetry ≥ 90%, and baseline mental status. For example, if a patient met all stability criteria by days 1-5, duration of therapy > 8 days was classified as excessive; however, if a patient became stable on day 7, duration > 10 days was deemed excessive. Missing stability data were treated as normal/stable for both abstraction methods.
Statistical Analysis Overall and Individual-level Comparisons Between eMUE and mMUE
We compared the proportions of hospitalizations identified by eMUE versus mMUE with unstable vital signs or laboratory results, initial administration of broad-spectrum antibiotic therapy, or excessive antibiotic duration, to compare how closely each of the methods might report these occurrences across the entire VA system. We generated 2-by-2 contingency tables and reported the percent agreement and κ statistics 10 to characterize individual-level consistency between eMUE and mMUE for these binary variables. We reported the mean, SD, median, and interquartile range of the duration of antibiotic therapy for eMUE and mMUE to summarize overall levels and variation of this metric for eMUE and mMUE, and used paired t tests for a formal comparison of the duration of antibiotic therapy. 11 
Facility-level Comparisons Between eMUE and mMUE
We assessed the implications of applying eMUE in place of mMUE for assessing facility-level quality metrics by computing, for each hospital, the median antibiotic duration and the percent of hospitalizations with: (a) initial anti-MRSA therapy; (b) initial anti-PAER therapy; and (c) excessive antibiotic duration using both abstraction methods. We graphically displayed regressions relating the resulting facility-level summary measures between eMUE and mMUE and reported the associated Pearson correlations.
Impact of Reviewer on Differences in Variability Between eMUE and mMUE
To assess the degree to which variation may arise in the manual MUE due to differences in abstraction methods among reviewers, we fit mixed effect logistic models with facility and reviewer as random effects to initial clinical stability (defined by the pneumonia severity index physiological characteristics), excessive antibiotic duration, anti-MRSA coverage, and anti-PAER coverage data for both abstracted datasets. eMUE algorithms were applied systematically, so no reviewer was involved in the eMUE. However, we included an artificially defined random effect that corresponded to the mMUE reviewers when modeling eMUE to account for any "true" variation among the hospitalizations assigned to different reviewers. The objective of this strategy was to ascertain whether nonrandom assignment of hospitalizations to reviewers may have inflated the variability in measures between reviewers beyond that attributable to the review process itself. We estimated the variances of the random effects corresponding to facility and to the individual reviewers using eMUE and mMUE. When the observed variation was less than the expected variation due to chance alone, the estimated variance was reported as 0. Because our logistic model provided random effect variance estimates on the logit scale, which is difficult to interpret clinically, we visually displayed the distributions in probabilities of initial clinical instability and excessive antibiotic use based on the sum of the facility and reviewer random effects variances. The variation in these probabilities reflects the total variation in these metrics between facilities using either eMUE or mMUE. All statistical analyses were performed using STATA 14 MP 12 or R. 13 
RESULTS
Of 3558 initial hospitalizations identified for mMUE, 2004 underwent complete manual review after exclusions. Median age was 71 years; 97% of the patients were male, and 31% had at least 1 healthcare-associated pneumonia criterion identified by manual review. 7 Among those 72% patients with healthcare-associated pneumonia received an anti-MRSA antibiotic, and 69% received an antipseudomonal, compared with 18% and 19% of community-acquired pneumonia patients, respectively. Median length of stay was 6 days (interquartile range, 5-9), and 3.1% died within 30 days (Table 1) .
For the 2004 MUE hospitalizations, both extraction methods identified similar but statistically significantly different proportions of patients with initial clinical instability and initial antibiotic selection for each of the measures extracted (Table 2) . eMUE identified initial vital signs in 99.5% of all hospitalizations. The most common unstable initial vital sign was pulse oximetry <90% (19% identified by mMUE, 21% by eMUE); the most common unstable laboratory value was blood urea nitrogen > 29 (25% for both methods). Individual-level agreement ranged from 86% to 98.5%; κs ranged from 0.50 to 0.86. Individual-level agreement for initial antibiotic selection ranged from 89% to 99.7%, with κs ranging between 0.57 and 0.93 (Appendix A, Supplemental Digital Content 1, http://links. lww.com/MLR/B565). Clinical stability on subsequent hospital days showed high overall consistency, but lower agreement between abstraction approaches at the individual hospitalization level (Table 2) . eMUE identified values in 94% of all hospitalizations for pulse oximetry data, and in over 96% for all other vital signs. The mMUE determined 65% of all hospitalizations to be clinically stable by day 3; 72% by day 5, and 72% by day 7. eMUE proportions were but slightly higher (68%, 73%, 75%). When examining individual contributors to daily clinical stability, eMUE identified more patients with unstable pulse oximetry, heart rate, and temperature on hospital days 1 and 2 but fewer in subsequent hospital days; overall, both abstraction methods were tightly aligned at the aggregate level (Appendix B, Supplemental Digital Content 2, http://links.lww.com/MLR/ B566). Time to clinical stability was slightly longer for mMUE than eMUE (2.6 vs. 1.8 d), as was total duration of antibiotic therapy (10.5 vs. 10.1 d, Table 2 ). The manual MUE classified 82% of hospitalizations as receiving excessive antibiotic duration, whereas eMUE identified 84% (agreement 83%, κ 0.35).
eMUE's lack of mental status extraction contributed to some but not all of the discordance with the mMUE observed: removal of mental status classification increased agreement between eMUE and mMUE for initial clinical stability (agreement 86.7%, κ 0.72), daily clinical stability (2.4 vs. 1.8 d), and excessive antibiotic use (agreement 85%, κ 0.38).
Facility-level estimations by both methods showed widespread facility-level variation in antibiotic selection (Figs. 1A, B ) and treatment duration (Fig. 1C) . Metrics with the greatest facility-level consistency were the percentage of patients receiving initial anti-MRSA coverage (r = 0.97), percent receiving initial anti-PAER coverage (r = 0.95), and total treatment duration (median days, r = 0.77), whereas correlation was poorer for days to clinical stability (r = 0.52) and percent with excessive duration of therapy (r = 0.55). All correlation coefficients were statistically significant.
Both mMUE and eMUE identified significant variation in broad-spectrum antibiotic choice at the facility level (Table 3 , rows 1 and 2). The eMUE found no significant variation in initial clinical stability and excessive antibiotic duration, whereas manual MUE showed greater variation in assessment of initial clinical stability and excessive antibiotic duration at the reviewer level (Table 3 , rows 3 and 4). This Days of antibiotic therapy 10.5 ± 4.5 (10, (8) (9) (10) (11) (12) reviewer-level variation contributed to a greater variation in clinical stability and excessive antibiotic duration estimated by the manual MUE (Fig. 2) .
Application of the eMUE to the national population (Appendix C, Supplemental Digital Content 3, http://links. lww.com/MLR/B567) showed greater severity of illness, comorbidities, and outcomes than the comparison cohort but similar overall rates of anti-MRSA therapy (34%), antipseudomonal therapy (39%), and median duration of antibiotic therapy (10 d).
CONCLUSIONS
Our study showed consistency between electronic extraction of data and manual chart abstraction for evaluating initial illness severity, antibiotic choice, and total duration of antibiotic therapy in patients hospitalized with pneumonia. We found high agreement at the aggregate, facility, and individual hospitalization levels for these metrics, but lower individual-level agreement for excessive antibiotic duration based upon daily clinical stability criteria. Our application of the electronic abstraction to national VA data suggest that standardized electronic abstraction can be applied across a large system for accurate, replicable, clinically relevant tracking and reporting.
Development of trustworthy metrics is a challenging but crucial component to quality improvement. 14 Reliable antibiotic use metrics allow us to study and report patterns to stewards and clinicians, target interventions, and examine changes after their implementation, thus promoting a learning Variance ± SE for each random effect (facility and reviewer) were calculated from mixed effect regression models and are shown on a logit scale. Estimated variances of 0 reflect variables whose variation is less than that expected by chance.
MRSA indicates methicillin-resistant Staphylococcus auereus; MUE, medication use evaluation; PAER, Pseudomonas aeruginosa.
health system by leveraging existing clinical data for continuous improvement. 15, 16 Advancement of the EHR provides the opportunity to develop more flexible, nimble approaches to quality measurement. 17 However, unreliable metrics can result in a misunderstanding of clinical reality, misdirected implementation efforts, or erosion of trust between stewards, clinicians, and patients, especially if combined with punitive or incentivizing approaches to quality improvement. 18, 19 Using the EHR to examine medical care presents an important epistemological challenge: while the data left behind from an episode of care can provide an important glimpse into the nature of that care, how can we know whether the data reflect what actually occurred? Quality metrics using the EHR have shown promise for both inpatient 20 and outpatient 21 care, but limitations to both electronic and manual approaches have been identified, specifically for pneumonia. 22 Either approach can be subject to errors in collection or interpretation, and it is important to understand these limitations. We adopted the convergent validity approach from the social sciences, seeking those metrics with high consistency across both measurements as the most accurate. 23 Although manual case reviews are time-consuming, they are generally accepted as a gold standard due to humans' ability to incorporate multiple types of information to generate a more comprehensive view of clinical reality. 24 We found a large degree of reviewer-level variation in metrics that required estimations of clinical stability. Qualitative chart reviews of discordant cases revealed that misclassification (ie, temperature > 100°F rather than 103.8°F) misidentification (ie, urine pH rather than serum pH), and failure to capture all numeric values within time windows were common sources of human error. Classifying clinical stability required multiple integrative steps: each reviewer had to identify numeric data within a time window and determine whether that data met a certain criteria. Further complicating this task, initial clinical stability criteria in pneumonia are different from stability on subsequent hospital days for temperature, heart rate, and respiratory rate. Human errors can be expected to vary by reviewer, as we observed.
The problem of human variability in manual chart review is important to consider, especially when comparing facilities. Both MUE approaches found facility-level variation in antibiotic choice and duration, and understanding the forces driving this variation, such as differences in microbiology, 25 practice cultures, or stewardship efforts, 26, 27 is an important step to improvement. However, the mMUE was organized such that clinicians performed reviews in cases from their own facilities. When reviewers are nested within facilities, reviewer-level variation may be misinterpreted as facility differences, hindering the ability to compare facilities. If the aim is to examine facilities, reliability may be more important than overall accuracy. In a comparison of definitions of catheter-related bloodstream infections, a simple definition based upon microbiology results was found to be less accurate than clinical definitions determined by clinician reviewers; however, the objective criteria were more reliable at identifying differences in catheter-related bloodstream infection rates across institutions. 28 When the goal is to compare facilities consistent electronic abstraction of simple, objective metrics may be more trustworthy than metrics interpreted by humans.
In contrast to the mMUE, the greatest limitation to the eMUE was missing data, which we identified in 3 notable areas. First, because we used bar code medication administration to identify antibiotic administration during hospitalization, the eMUE missed antibiotics administered in the emergency department (ED), contributing to inaccuracy if the patient's antibiotics were changed upon hospital admission. We found this phenomenon to be rare; however, discordance between ED and hospital treatment is important information. Extraction of reliable antimicrobial data from the ED is the subject of future work. Similarly, the eMUE missed posthospitalization antibiotics for patients discharged to nursing homes, lacking outpatient prescriptions. This may explain the lower duration of therapy identified by eMUE. Second, the current eMUE extraction missed vital sign data from some VA ICUs, as charting software are used that do not deposit into the data warehouse. Missing daily vital signs in the ICUs are a recognized limitation of VA data. Natural language processing extracting vital signs from text provides a promising approach to this problem. 29 Third, the eMUE had no extraction of mental status assessment. Extracting these data using natural language processing are also the subject of ongoing work.
Our study has some limitations. The study population was defined by the existing manual review, which excluded many patients with poorer clinical outcomes (such as inpatient deaths or empyema). Our eMUE does not identify these exclusion criteria, as we aimed to develop an approach that can be applied to a large population of patients hospitalized for pneumonia. Avoiding exclusion criteria based upon clinical outcomes reduces the problem of conditioning on future events, allowing the tracking of quality measures beyond antibiotic use, such as mortality or hospital readmission. However, omission of these exclusion criteria makes defining "appropriate" duration of therapy more difficult. At an individual level, defining appropriate antibiotic use remains a challenge. The complexity of individualized care likely exceeds the ability of any electronic abstraction method to be 100% accurate in identifying appropriate deviations from standard care. Although the eMUE holds promise in more accurately and reliability identifying those deviations, we feel that human review plays an essential role in identifying the factors contributing to them. Further, periodic manual review can improve local credibility of eMUE findings and identify errors in data reporting or changes in data infrastructure. Neither the current mMUE nor the eMUE were designed to capture implicit measures of quality, 30 and future work is required to operationalize concepts of appropriateness or good clinical judgment. However, evaluating simple explicit metrics, especially at the facility level, seem to be a good place to start. For example, the median duration of antibiotic therapy was 10 days, far greater than the recommended duration for uncomplicated pneumonia, and high proportions of patients received broad-spectrum antibiotics despite a low prevalence of resistant organisms. 25 Thus, examining the simple metrics of duration and empiric use of broad-spectrum antibiotics may be a reliable approach to identifying opportunities for improvement.
Measuring practice is a key feature of a learning health system, and increasingly advanced computational capabilities provide the opportunity for replicable system-wide evaluations, 24 decision support for stewardship, 31 and quality improvement. However, clinical data must not be taken at face value. The eMUE described in this study can extract antibiotic choice, duration, and initial severity of illness data from the entire VA system in hours, allowing for frequent, timely feedback. Consistency, reliability, and speed are important strengths of electronic tracking which, when accurate, can produce trustworthy data that we can use to improve.
